Abstract: Acetonitrile (CH 3 CN) is the simplest and one of the most stable nitriles. Reactions usually occur on the CN triple bond, while the CÀH bond is very inert and can only be activated by a very strong base or a metal catalyst. It is demonstrated that C À H bonds can be activated by the cyano group under high pressure, but at room temperature. The hydrogen atom transfers from the CH 3 to CN along the CH···N hydrogen bond, which produces an amino group and initiates polymerization to form a dimer, 1D chain, and 2D nanoribbon with mixed sp 2 and sp 3 bonded carbon. Finally, it transforms into a graphitic polymer by eliminating ammonia. This study shows that applying pressure can induce a distinctive reaction which is guided by the structure of the molecular crystal. It highlights the fact that very inert CÀH can be activated by high pressure, even at room temperature and without a catalyst.
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Hydrogen bonding is the most important noncovalent interaction in biological systems, pharmaceutical applications, and material sciences.
[1] It is a strong and directional intermolecular interaction, which plays a crucial role in the intermediates of chemical and enzymatic reactions. Pressure is proven to be a powerful tool for controlling the geometric properties of hydrogen bonding, which induces rich phenomena in supramolecular chemistry, including pressure-induced amorphization and phase transitions. [2] Furthermore, by compressing the intermolecular distance, hydrogen bonds can be strengthened [3] and hydrogen can transfer through the hydrogen bond accordingly. For example, in the classical hydrogen bonds, such as the OÀH···O and NÀH···N bond, proton hopping can be induced by high pressure, resulting in symmetric H-bonds in ice [4] and a solid ammonium amide phase in ammonia. [5] However, to our knowledge, for the weak C À H···A hydrogen bond (where A represents the hydrogen bond acceptor), there are very few reports showing that hydrogen can transfer from a carbon atom via hydrogen bonding under high pressure at room temperature. [6] Acetonitrile (CH 3 CN) and other nitriles are detected in the interstellar medium extensively and are believed to be a plausible source of the amino acids found in meteorites. [7] Previous studies show that in nitriles, including the cyanogens, [8] cyanoacetylene, [9] and tetracyanoethylene (TCNE), [10] the CN group undergoes a pressure-induced addition polymerization reaction, which is also supposed to be the main reaction site in acetonitrile. [11] Here we demonstrate that the inert CH bond can be activated under high pressure and the hydrogen migration from the carbon to the nitrogen atom is the crucial reaction that triggers polymerization. This reaction is guided by the topology of the crystal structure, which is governed by the weak CH···N bonds. To our knowledge, this is the first report of hydrogen hopping through weak CH···N hydrogen bonds. Our studies highlight the fact the highpressure solid reaction, directed by the crystal structure, leads to a completely new reaction route.
Acetonitrile was compressed in a diamond anvil cell (DAC) up to 20 GPa. In agreement with the previous work, [11, [13] [14] [15] the in situ Raman spectra indicate that acetoni-trile undergoes a minor phase transition at 5 GPa and turns into an amorphous state at about 19.5 GPa (Supporting Information, Figure S1 ). The fluorescence background was then irreversibly enhanced to cover all the features, which indicates the occurrence of a chemical reaction. In the IR spectra, C=N/C=C groups were detected above about 23 GPa (Supporting Information, Figure S2 ). A broad peak of amino group in the range of 3000-3500 cm À1 was identified, and the characteristic Fermi resonance peaks of À NH 2 at 3201 cm À1 and 3337 cm À1 was detected when the sample was recovered to ambient pressure (Supporting Information, Figure S2 ). Above 32 GPa a yellowish polymer formed (Supporting Information, Figure S3 ). The presence of the C=N/C=C and amino groups characterizes this polymer. The occurrence of amino groups reminds us that the cyano groups did not undergo simple addition polymerization, but a hydrogen transfer reaction instead.
To further understand the reaction process, the polymer was synthesized at milligram scale by the Paris-Edinburgh (PE) press at 25 GPa for structural characterization. The electron energy-loss spectroscopy (EELS), Raman, and neutron pair distribution function (PDF) results show this recovered material is a graphitic polymer (Supporting Information, Figures S5 c, S6-S8). It exhibits a multilayered carbon onion structure and the distance between the curved layers is about 3.1 as determined by the aberration-corrected scanning transmission electron microscopy (STEM; Supporting Information, Figure S5 a,b). The resistivity of this polymer is 90 Ohm m, similar to trans-rich polyacetylene film (100 Ohm m), [16] lower than that of silicon (10 3 Ohm m), [17] and higher than that of graphite (10 À5 Ohm m). [18] This polymer has both sp 2 and sp 3 carbon, as identified in the 13 C solid-state nuclear magnetic resonance (ssNMR; Figure 1 ; Supporting Information, Figure S9 ). Besides the aromatic carbon connected in graphene-like networks, it also contains a C=C(NR 2 ) 2 group, as well as considerable carbon in sp 3 hybridization: methylene ( À CH 2 À ) and/or methine carbon (H À C À R 3 ), and aminated carbon (NR 2 À CR 3 ). The structure of this polymer can be described by the model shown in Figure 1 . Typically, the cyano group is observed as a sharp peak at 117 ppm, and the methyl group between 0-20 ppm. What is striking is that neither was found in the 13 C NMR spectrum or in the 1 H magic-angle spinning (MAS) NMR spectrum (Supporting Information, Figure S10 ). [12] This further shows that the acetonitrile did not undergo a simple C N addition polymerization and the methyl group participates in the hydrogen transfer reaction.
To understand the reaction process in the acetonitrile crystal, we carried out in situ neutron powder diffraction and density functional theory (DFT) calculations. Both the diffraction and calculation results show acetonitrile maintains the orthorhombic structure with space group Cmc2 1 in the pressure range from 1.7 GPa to 20.6 GPa (Supporting Information, Figure S11 ). Every acetonitrile molecule is linked to six neighboring molecules by the À C N···H À CH 2 À hydrogen bond, forming a diamond-type network (Figure 2 a) , with C N as the hydrogen bond acceptor and CH 3 as the donor. The crystal is constructed by two interpenetrating networks, similar to that in ice-VII. [19] Figure 1.
13 C cross-polarization magic-angle-spinning solid-state NMR spectrum ( 13 C CPMAS ssNMR) of the graphitic polymer. In the sp 3 region, the carbon resonating at 37.4 ppm corresponds to methylene (ÀCH 2 À) and/or methine carbon (HÀCÀR 3 ). [12] The peak at 54.2 ppm likely corresponds to aminated carbon (NR 2 ÀCR 3 ). [12] The shoulder at 69.1 ppm is within the range of values of aliphatic amine carbon, while it may also be assigned as ene-diamine carbon, ÀC=C(NR 2 ) 2 .
[12] Such a possibility is also suggested by the presence of a high-frequency peak in the sp 2 region of the spectrum at 162.8 ppm, that could correspond to the aminated ene-carbon. [12] The other peak in the sp 2 region, at 127.2 ppm, is consistent with olefinic and/or aromatic carbon.
[12] The distances of N···D1 and N···D2 decrease quickly under compression, which are in good agreement with the results obtained from our DFT calculations (N···H1 and N···H2; Figure 2 b) . At 20.6 GPa, the D1···N and D2···N are 2.045(12) and 1.984 (8) , respectively, which is shorter than the sum of the van der Waals radii of nitrogen and hydrogen (2.75 ) by 25 % and 28 %. This suggests a high probability of hydrogen migration (Figure 2 a) . In qualitative comparison, the threshold distances of several hydrogen abstractions obtained from photochemical reactions are 2.26-2.58 for abstraction by oxygen and 2.66-2.89 by carbon. These are shorter than the corresponding sum of the van der Waals radii (2.72 for O···H and 2.90 for C···H) by 17 % À5 % for oxygen and less than 8 % for carbon. [20] Furthermore, considering that the thermal vibrations [21] and the N À H bond length is around 1 , the H atom only needs to travel less than 1 to migrate. Thus, we can conclude that the hydrogen migrates from ÀCH 3 to ÀCN along the hydrogen bond. The possible reaction route is represented by the arrows in Figure 2 a. This hydrogen transfer will produce active intermediates, such as CH 2 =C=NH, which will initiate the polymerization reaction. Therefore, 1.98 (without a thermal vibration correction) can be referred as the critical distance of this hydrogen transfer reaction. Such critical distances may widely exist in other hydrogen abstraction reactions, which provide a crucial reference for the design and tailoring of the solid state reaction at a microscopic level.
We also performed metadynamic simulation on acetonitrile at 35 GPa based on DFT calculations to gain a better understanding of the reaction mechanism. As shown in Figure 3 , in the molecular crystal (Figure 3 a) the CÀH bonds of the methyl group are activated and the hydrogen atom transfers to a cyano group, forming amino groups and dimer adducts (Figure 3 b) . Then, the reaction propagates to the rest of the molecules to polymerize into a 1D chain, which has alternating single and double bonds with sp 2 -hybridizing carbon (Figure 3 c) . Finally, the 1D chain further polymerizes into a nanoribbon (Figure 3 d) . It has quite a low enthalpy, À0.41 eVatom À1 to the initial state (acetonitrile molecule at 35 GPa), and is composed of sp 2 and sp 3 hybridizing carbon.
The DFT calculation shows it is a semiconductor with a band gap of 2.0 eV, which absorbs blue and green light. That means the nanoribbon structure should be yellow and most likely corresponds to the product observed in the DAC (the yellowish polymer). Furthermore, according to Figure 3 d, the methine carbon (ÀCHÀ), aminated carbon (ÀCÀNH 2 ), enamine (ÀC=CÀNH 2 ; the tautomer of the imine (ÀCHÀC= NH) structure) and the amino groups (ÀNH 2 ) can be found in this structure, which fits our IR and NMR results perfectly. It is worth mentioning that the black graphitic polymer was produced when we use the PE press, which is different from the product obtained from the DAC, and indicates it contains a more conjugated structure. This is because cracks are easily produced in the gasket during decompression when using the PE press. The cracks are likely to provide a large pressure gradient and the space to release ammonia gas, which makes the sp 3 carbon convert to a more conjugated aromatic carbon. From the structure of the nanoribbon predicted above, we can also expect the elimination reaction between the amino group and neighboring hydrogen atom during decompression, which will lead to the formation of a graphene-like structure and ammonia.
So far, the whole reaction of acetonitrile under extreme conditions, including the structure of the reactant and product, as well as the process of polymerization and elimination, are well understood. It is described in Figure 4 .
Above 19 GPa, acetonitrile transforms to the yellowish polymer carrying the C=C/C=N, ÀNH 2 , ÀC=C(NR 2 ) 2 groups and sp 3 carbon (ÀCH 2 À/HÀCÀR 3 and NR 2 ÀCR 3 ) through a hydrogen transfer reaction. This sp 3 carbon is metastable. When undergoing decompression, it converts into an aromatic carbon with sp 2 hybridization accompanied with the release of NH 3 . The polymerization of the acetonitrile mentioned here is quite different from that in other nitriles like cyanogens, [8] cyanoactylene, [9] and tetracyanoethylene (TCNE), [10] which are polymerized via the formation of Figure 4 . The acetonitrile reaction under high pressure at room temperature. The acetonitrile has an orthorhombic structure (space group Cmc2 1 ) from 1.7 GPa to 20.6 GPa obtained from in situ neutron diffraction. It forms an amorphous, yellowish polymer with C=C/C=N, ÀNH 2 , ÀC=C(NR 2 ) 2 , and sp 3 carbon(ÀCH 2 À/HÀCÀR 3 and NR 2 ÀCR 3 ) as evidenced by the in situ Raman, IR spectra (in a DAC) and ssNMR (recovered graphitic polymer). After decompression, the sp 3 carbon converts into the aromatic carbon and ammonia gas is released. a double bond between the neighboring cyano groups. This reaction process nicely demonstrates the relevance of the crystal structure to the solid-state reactivity. The reaction requiring minimum molecular displacement is more likely to occur. Under high pressure, the ÀH 2 CÀH···NCÀ hydrogen bonds facilitates the hydrogen transfer reaction. Furthermore, the release of small molecules is another peculiar feature in the high-pressure reaction of acetonitrile compared to other molecular crystals. By elimination and release of ammonia, unsaturated bonds are produced again. This would be another important reaction in the extreme conditions of the Universe, which is likely to generate complex aromatic molecules.
We also studied the temperature and time effect on the pressure-induced polymerization of acetonitrile. Indicated by the Raman spectra, the acetonitrile reacted at a much lower pressure, around 7.2 GPa when heated to 250 8C (Supporting Information, Figure S12 a) . The IR spectrum of the recovered product is qualitatively similar to the one recovered from 32 GPa and at room temperature, which is also characterized by the amino and C=C/C=N groups (Supporting Information, Figure S12 b ). This indicates that high temperature can also promote the hydrogen migration and help to overcome the kinetic activation barriers under certain pressures. The time evolution IR spectra show that the conversion was increased when prolonging time. The increasing reaction rate upon further compression suggests the activation volume of this reaction is negative (Supporting Information, Figure S13 ).
In conclusion, the chemical reaction of acetonitrile shows peculiar features under high pressure that are quite different from those at ambient conditions. By applying the pressure at room temperature, instead of the polymerization of CN, the hydrogen atoms transfer from the carbon to nitrogen atom along the hydrogen bond to form a dimer, 1D chain, and 2D nanoribbon. This reaction correlates with the high-pressure crystal structure of the acetonitrile which is pre-organized by the CH···N hydrogen bond. This study nicely demonstrates that the solid-state reaction under high pressure is directed by the crystal structure and highlights the fact that even the weak CH···N hydrogen bonds can induce the hydrogen migration reaction under high pressure. The polymerization reaction, which is induced by the hydrogen migration in the heteronuclear hydrogen bonds, may be a prototype reaction happening in the crystal containing hydrogen bond network under high pressure.
[6] Furthermore, our study also demonstrates that the methyl group, though very inert at ambient conditions, can be activated by the cyano group under high pressure and room temperature, without any catalyst or photonic excitation.
Experimental Section
High-purity acetonitrile (99.8 %) and d 3 -acetonitrile (99.8 % D; Sigma Aldrich) were used in this work. For the Raman, IR, neutron diffraction study, and high-pressure synthesis, powder samples were prepared by loading and quickly sealing them under liquid N 2 temperature to avoid the possible formation of large grains or preferred orientation. A DAC with an anvil culet size of 400 mm in diameter was used for the in situ Raman and IR (type-IIA diamond anvil) measurements. Raman spectra were measured using a laboratory-made spectrometer, equipped with a Nd:YAG laser (operating at 532 nm) in a backscattering geometry. The in situ IR spectra were collected on a Bruker IFS 66v FTIR spectrometer and a custom IR microscope at beamline U2A of the National Synchrotron Light Source, Brookhaven National Laboratory. The recovered polymerized acetonitrile was synthesized by a VX3 PE Press at the Spallation Neutrons and Pressure Diffractometer (SNAP), Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL). The neutron powder diffraction data were collected at SNAP, SNS, ORNL. The details of the in situ Raman, in situ IR, in situ neutron measurements, high-pressure synthesis of the graphitic polymer, STEM, EELS, neutron PDF, ssNMR measurement, high temperature and high-pressure experiments, and metadynamic and DFT calculations are given in the Supporting Information. Science, Technology and Innovation of Ecuador (SENES-CYT). The research at Oak Ridge National Labs Spallation Neutron Source and Center for Nanophase Materials Sciences was sponsored by the Scientific User Facilities Division, Office of Basic Energy Sciences, U.S. Department of Energy. The use of beamline U2A was supported by NSF (EAR 1606856, COMPRES) and DOE/NNSA (DE-NA-0002006, CDAC). The authors thank Dr. Roald Hoffmann for his valuable comments and the help in our calculation work.
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